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Two fiber optic sensors (FOSs) for detection of precursory acoustic emissions in rockfall events are addressed and experimentally charac-
terized. Both sensors are based on interferometric schemes, with the first one consisting of a fiber coil used as sensing element and the
second one exploiting a micro-machined cantilever carved on the top of a ferrule. Preliminary comparisons with standard piezo-electric
transducers shows the viability of such FOSs for acoustic emission monitoring in rock masses.
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1 INTRODUCTION
Collapses of rock masses represent a major source of hazard
in mountain areas, being the cause of rapid landslides. Differ-
ently from landslides occurring in earth or debris, which are
usually surveyed by directed inspection of their surface, rock-
slides offer few, if any, visible signs. Furthermore rockslides
apparently occur all of a sudden [1], making the application
of early warning procedures very urgent. Rockslides are as-
sociated to processes of stress accumulation in unstable rocks,
during which part of the accumulated energy is released in
small internal cracks [2]. These cracks generate acoustic emis-
sions (AE) that can, therefore, be used as precursory signals,
through which unstable rocks could be monitored. In partic-
ular, geological models and experiments have suggested that
AE in the range 20÷ 100 kHz (the lower limit being set mainly
to greatly limit anthropic noise) are the most indicate to be
monitored for that purpose [3, 4].
Unfortunately, the application of traditional AE sensors, such
as accelerometers and piezoelectric transducers, finds serious
practical limitations due to the faintness of these AEs and the
hostility of typical mountain environment (with severe tem-
perature, frequent lightning and ice storms, heavy rains and
arduous access). Furthermore, the conventional method con-
sists, basically, in the bare counting of events or of the number
of times the AE signal crosses an a-priori defined detection
threshold (the so called ring down count): the temporal distri-
bution of such parameters has been considered enough, so far,
to the aim of monitoring the rock stability [5, 6].
With this respect, FOSs may fill the gap, providing a reliable
solution and potentially offering the following features: more
robustness to electromagnetic interference, smaller form fac-
tor, multiplexing capability, longer distance range (which lead
to easiness of installation), higher sensitivity. To explore this
possibility, in this work we analyze two fiber-based optical
sensors for AE detection in rock masses. Both sensors are in-
terferometric. The first one uses a 100-m-long fiber coil as the
sensing arm of an heterodyne Mach-Zehnder interferometer
[7]. The second one is a Fabry-Perot micro-cavity obtained by
carving a cantilever on the top of a fiber-bearing ferrule, ac-
cording to the methodology proposed in [8].
This paper extends the results presented in [9, 10] and is orga-
nized as follows: in the Section 2, the two sensors are briefly
introduced; their experimental characterization is described in
Section 3 where their performances are compared with a stan-
dard piezo-electric transducer (PZT). Finally, conclusions are
drawn in Section 4: results, while not yet conclusive, confirm
that FOSs may represent a viable solution for AEs detection in
unstable rock masses monitoring.
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FIG. 1 The fiber coil sensor: (a) the bare rugged sensor; (b) after it has been acoustically
insulated from the environment by means of a layer of acoustic absorbing material
and covered by tape.
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FIG. 2 Setup of the sensing scheme for FCS: the light source is a high-coherence DFB
laser at 1550 nm; AOM: acousto-optic modulator at 40 MHz; C0 and C1: optical coupler;
PD: photodiode; FM demod: double balanced quadrature FM detector board.
2 THE FIBER OPTIC SENSORS
The fiber optic AE sensors addressed here are interferometric
devices. The first sensor is shown in Figure 1. It consists in ap-
proximately 100 m of G.657 optical fiber, tightly wound on an
aluminum flanged hollow mandrel (inner diameter 30 mm,
height 42 mm). A layer of acoustic absorbing material is ap-
plied to insulate the mandrel from the environment. The man-
drel can be fastened to the rock by means of a 4-cm-long M10
screw, which acts, also, as the main acoustic coupling element
between the rock and the sensor.
This fiber coil sensor (FCS) is inserted in the sensing arm
of a heterodyne fiber Mach-Zehnder interferometer, repre-
sented in Figure 2; the interferometer is interrogated by a
high-coherence laser with λ = 1550 nm. The acousto-optic
modulator in the reference arm downshifts the laser frequency
by 40 MHz, thus enabling heterodyne detection at the receiver.
The use of an heterodyne scheme improves the performance
of the setup with respect to the standard homodyne tech-
nique: in fact, it allows (i) to reduce the amount of 1/ f noise,
(ii) to avoid the need of an accurate control of laser wave-
length (and related thermal drift), and (iii) to relax constraints
posed by polarization sensitivity [11]. On the other side, how-
ever, it makes the detection more complicated, because a fre-
quency demodulator is needed to retrieve information about
AE which is encoded on the phase of the detected signal.
The second sensor, shown in Figure 3, is made of a micro can-
tilever carved on the top of a cylindrical silica ferrule [8]. The
cantilever lays parallel to the ferrule top along its diameter
with only one end attached to the ferrule: in this way the can-
tilever is free to oscillate under external perturbations. The fer-
rule houses a standard single mode fiber, and the gap between
the cantilever and the fiber end face behaves as a resonat-
ing vibration-sensitive Fabry-Perot cavity. The ferrule is about
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FIG. 3 The ferrule top cantilever sensor: (a) front view; (b) side view.
10 mm long and has a diameter of 2 mm; the cantilever, made
of Duran, is about 1.25 mm long, 35 µm thick and 220 µm
wide; the gap between the cantilever and the fiber is about
100 µm. In order to increase the reflectivity of the cavity, the
upper face of the cantilever is coated by a thin layer of gold.
These parameters, along with the Young modulus and den-
sity of Duran, allow to calculate the first nominal mechanical
resonance by means of the Euler-Bernoulli equation [12]; ac-
cordingly:
ν =
κ2
2pi
√
E
ρ
w t3
12
1
wtL4
∼ 19.4 kHz, (1)
where κ = 1.875, E = 64 Gpa and ρ=2.23 g/cm3 are, respec-
tively, Young Modulus and density of Duran and w, t and
L are the width, thickness and length of the cantilever, re-
spectively. The measured mechanical resonance is 12.5 kHz
and differs significantly from the calculated one: this is actu-
ally a common problem that afflicts also commercial atomic-
force-microscope probe where resonance frequency is typi-
cally within±50% from its nominal value. Ultimately, this can
be imputed to several reasons: a not perfect rectangular shape,
a not uniform thickness of the cantilever, presence of the thin
gold layer that coats the upper cantilever face, presence of
glue which fills in the bore hole on the cantilever. Finally,
the Q-factor of the cantilever has been roughly estimated in
400, by measuring experimentally the relaxation time of the
damped harmonic oscillation signal from the sensor [13].
A 20-mm-long M10 bored bolt housed this ferrule top can-
tilever sensor (FTC), while providing both protection and a
suitable mean of mechanical and acoustic coupling to the rock.
The reflectivity of the FP cavity, which is probed by a low-
coherence laser tuned at the quadrature point of the cavity,
changes accordingly to the AEs induced vibrations, and that
information is decoded with the setup shown in Figure 4.
3 EXPERIMENTS
Acoustic coupling and impedance matching play a crucial role
in the performance of AE sensors [14]; therefore, in order to
get realistic testing conditions, we have tested the sensors on
a block of Montemerlo Classic Gray Trachyte (50× 50× 15 cm
in size, about 100 kg in weight). The FOSs were screwed in
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FIG. 4 Setup of the sensing scheme for FTC: the light source is a low-coherence laser
(LD: laser diode) at the quadrature wavelength of the cavity; CIR: optical circulator;
PD: photodiode.
FIG. 5 Typical signals (top row) and corresponding PSDs (bottom row) recorded by
the three sensors (FCS, fiber coil sensor; FTC, ferrule-top cantilever; PZT, piezo-electric
transducer).
an internally threaded anchor, chemically glued in a hole at
the center of one of the block’s 50× 50 cm faces. For conve-
nience, the block was simply supported at 4 points near the
corners of the drilled face; in that way, the sensor under test
was screwed in the bottom face of the block, with the top face
left clear for the excitation of AEs in different positions. Dur-
ing the tests, an amplified PZT (VS30-SIC-46dB from Vallen
Systeme GmbH, 46 dB of electrical amplification) have been
used to compare its performances with those of the FOSs.
Electrical signals from PZT, FTC photodiode and FCS demod-
ulation board are eventually recorded by a digital storage os-
cilloscope.
Acoustic emissions have been generated in a repeatable way
by the impact of a 5-mm-diameter steel ball dropped along a
steep slide, placed on the top of the block [15]. Repeatability
of this method of excitation has been tested extensively and
it is within 10%; moreover, it has been found that direction of
impact of the ball has a negligible effect on the recorded signal.
Upper part of Figure 5 shows, for each of the three sensors
(the two FOSs and the PZT), a sample signal recorded when
the ball is dropped at the center of the upper face of the tra-
chyte block. Right below in Figure 5, the corresponding power
FIG. 6 Upper face of the trachyte block with the uniform grid according to which the
ball has been dropped to test the responsivity of the sensors.
spectral densities (PSD) are represented. It can be noted that,
amongst the three sensors, the PZT has the most flat spec-
tral response. As expected, the spectral response of the FTC
is dominated by a peak centered at 12.5 kHz, the resonance
frequency of the cantilever. Correspondingly, the time evolu-
tion of the signal recorded by the FTC is basically a damped
oscillation. On the contrary, the signals recorded by the FCS
and the PZT are close to the actual AE. Even though the FTC
can provide very little information about the spectral content
of the AE, this is not at all a limitation, since as noted in the
introduction section the bare detection and counting of AE
events, enabled by the FTC, is the standard methodology for
the present geological application. Rather, the prolonged tem-
poral damping of the signal from FTC, contributes in enhanc-
ing the sensitivity, although this comes at the expense of a re-
duced capability of resolving in time two consecutive AEs.
To compare the three sensors, several tests have been per-
formed by dropping the ball at different positions on an uni-
form 7× 7 grid, drawn on the top 50× 50 cm face of the block,
as in Figure 6.
For each dropping, a signal, y(t), has been recorded and
the ”acoustic energy” over an arbitrary window T defined
as Y(t) =
∫ t+T
t y
2(τ) dτ has been calculated. The window
length T has been chosen as the average length of the event,
as recorded by the specific sensor. Actually, using a window
longer than the event would be pointless, because it would
just includes more noise in the integral. Therefore, we have
set T = 5 ms for FCS and PZT, whereas for the FTC, owing
to its damping behavior, we have set T = 100 ms. As stated
above, this longer integration window results in a improved
sensitivity but in a more realistic scenario where a sequence of
AEs may occur, increasing T reduces temporal resolution, as
well. Then we have defined the recorded intensity of the AE
as maxt{Y(t)}.
The results of these tests have been plotted in the three upper-
most graphs of Figure 7, where we have represented the in-
tensities detected by each sensor with respect to the different
dropping positions on the grid. To compare results, intensi-
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FIG. 7 Normalized intensities recorded by the sensors as a function of the position of
impact (FCS, fiber coil sensor; FTC, ferrule-top cantilever; PZT, piezo-electric transducer;
empty circles indicate sensor position).
ties have been normalized for each sensor independently, with
respect to their maximum on the grid: as expected, the sen-
sors mostly show higher intensities when the ball is dropped
closer to the center, where sensors were screwed. Neverthe-
less, this correspondence is not perfect, likely because of in-
homogeneities in the rock block. Moreover, it can be noticed
that the more marked dependency on the excitation position
is exhibited by the FTC, followed by the FCS, and then, by the
PZT. We impute these differences mainly to a different sen-
sitivity of sensors to surface waves, induced by the impact.
Actually, while the PZT is coupled to the rock only by means
of its flat surface, the FTC is totally inserted inside the rock
and therefore it is more sensitive to volume waves. On the
other side, the FCS is acoustically coupled both through the
screw, and through one of the mandrel flanges that in in con-
tact with the flat block surface. To support this argumentation,
the test has been repeated by installing the PZT on a pedestal,
made of a long flat-head bolt directly screwed into the block,
as it happens to the FOSs. In this way, we are confident to
reduce the surface coupling, and hence we expected the PZT
to become more sensitive to volume waves. Results, reported
in the lowermost graph of Figure 7, show a marked increase
of the dependency on the excitation position, in agreement
with our hypothesis. We remark that the intrinsic insensitivity
to surface waves is a desirable feature, because noise sources
(e.g. anthropic activities and meteors) acting outside real rock
masses are most likely to induce surface waves, rather than
volume ones.
About absolute performances, the FCS is the least sensitive
of the three sensors: with respect to FCS, the peak intensi-
ties of FTC and PZT are about 30 dB and 50 dB higher, re-
spectively. Notice, however, that both FTC and PZT include at
the receiver an electrical amplification of 20 dB and 46 dB, re-
spectively; differently, electrical amplification is not exploited
in the FCS. Taking that gain amplification into account, the
most sensitive sensor is the FTC, although we recall that this
performance comes at the expense of a twenty-fold reduction
of temporal resolution. Noise performances are comparable,
since the three sensors have an SNR of about 30 dB. Analo-
gous results have been obtained by changing the position at
which sensors were screwed at the bottom face of the trachyte
block.
4 CONCLUSIONS
In this paper some preliminary experimental analyses aimed
at exploring the applicability of FOSs to the monitoring of un-
stable rock masses have been reported. Two different inter-
ferometric sensors have been considered and compared with
a standard PZT: the first sensor is based on a fiber coil, FCS,
while the second one is based on a ferrule top cantilever, FTC
The PZT outperforms both FOSs in term of sensitivity, yet it
should be remarked that this is mainly due to its internal 46-
dB electrical amplification. By taking into account the differ-
ences in electrical amplification, the FTC is the most sensitive
sensor, although FTC is also the one with the least temporal
resolution. Experimental results suggest also that FOSs (FTC,
in particular) could be intrinsically more sensitive to volumes
waves, whereas PZT appears to be more sensitive to surface
waves. To the aim of rock mass monitoring, this characteris-
tic of the FOSs is highly desirable, because surface waves are
more easily triggered by environmental noise. While further
developments and investigations are needed, this preliminary
analysis has shown that FOSs represent a viable approach to
the monitoring of unstable rock masses.
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